Abstract-In this paper, a wideband 2 ×2 multilayer substrate integrated waveguide (SIW)-based cavity-backed slot array is proposed. The array element is constructed by stacking five layers of SIW cavity-backed slots and has a wide impedance bandwidth from 18 to 30 GHz. Two different feed networks based on probe coupling and slot coupling are introduced to maintain the wideband characteristic of the proposed element when employed in an array. Two 2 × 2 arrays fed by the proposed feed networks are designed, fabricated, and tested. The measured results show that both the arrays employing probe coupling and slot coupling feed networks have a wide impedance bandwidth over 30%. Within the obtained operation bands, good radiation performance is achieved. Moreover, advantages and disadvantages of the proposed two feed networks are discussed.
than those built using microstrips [5] . However, compared with other forms of antennas like bow-tie antennas, slot antennas, the narrower bandwidth is the limitation [6] [7] [8] [9] [10] [11] .
As well known, the bandwidth of an array is highly dependent on the bandwidth of the employed element. However, SIW cavity-backed slot antennas typically have intrinsically narrow impedance bandwidths. Several representative methods were proposed in the past few years to enhance the bandwidth. In [12] , a via-hole was placed above the slot to create an additional resonance, which broadened the bandwidth to 3.7% in comparison with that without loading. In [13] , the bandwidth of an SIW cavity-backed slot antenna was enhanced to 6.3% by exciting hybrid SIW cavity modes. Through increasing the width to length ratio of the wide slot, dual resonances of SIW cavity-backed slot antenna were generated and 11.6% bandwidth was achieved [3] , which is the widest impedance bandwidth achieved by a single-layered SIW cavity-backed slot antenna so far. Besides, when the cavity-backed slot antenna was loaded with an open-ended cavity, the impedance bandwidth of a single element was enhanced to 23% [14] .
Significant progresses have been made on the bandwidth enhancement for the SIW cavity-backed slot antennas. However, we could not expect an array can have a similar bandwidth as the employed wideband array element without a well-designed feed network. To obtain a wideband SIW-based slot array, the feed network plays the role as important as the array elements do. Shunt-feed approach proposed in [3] and [4] is a popular method to feed cavity-backed slot arrays and can offer excellent radiation performance. However, this approach exhibits limited bandwidth since the feed network and radiators share the same substrate layer. In [15] , a 4 × 4 SIW cavity-backed slot array with a wide bandwidth of 14% was proposed using the SIW cavities themselves as the feed network. Then the array was expanded to a 16 × 16 array with a specifically designed corporate feed network, maintaining a similar bandwidth of 15% [16] . In [17] , an SIW higher order mode cavity-backed slot antenna array with simplified feed network was presented. The slots were arranged asymmetrically in the cavity to introduce new resonances and 16.7% bandwidth was obtained.
In this paper, a wideband four-element SIW-based slot antenna array is proposed. The array element is constructed by stacking five-layers of SIW cavity-backed slots and has a wide operation band. Two methods are then introduced to feed a 2 × 2 array based on the proposed multilayer slot antenna. The resultant two arrays are also fabricated and tested. The tested results show that both of the obtained arrays have the bandwidth of over 30%. Moreover, the two feed networks are compared to demonstrate their strength and weakness.
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. With the optimized air vias, the proposed structure has a gradually reduced permittivity from the bottom layer to the top layer. This mitigates the permittivity change between the radiator and the air, thereby minimizing the reflection when the wave propagates into the air from the substrate. The employed air vias play a significant role in matching the antenna and widening the bandwidth. Detailed design principal of the air vias can be found in [18] and [19] .
The dimensions of the slot radiator, cavities, and air vias are optimized to get the widest impedance bandwidth and a directional radiation pattern. The optimized dimension values are listed in Table I . A prototype was fabricated and measured, as shown in Fig. 3 . A 50-coplanar waveguide (CPW) is adopted to facilitate the measurement of antenna performance. The electric field distribution on the element aperture at 25 GHz is shown in Fig. 2 . It is observed that the proposed antenna is linearly polarized along y-axis. Fig. 3 plots the reflection coefficients (|S 11 |) and realized gains of the proposed slot antenna with and without the air vias. As observed in Fig. 3 , the slot antenna has a wide impedance bandwidth with the stacked SIW cavities and the matching is then significantly improved by loading the air vias. A broadside gain varying from 6.1 to 12.2 dBi is obtained in the band ranging from 18 to 32 GHz. Far-field radiation patterns at 18, 25, and 32 GHz in the H-plane and E-plane (xz and yz planes) are plotted in Fig. 4 (a) and (b), respectively. Due to unavoidable leakage from the feeding CPW, radiation patterns in E-plane are affected in some degree. Nevertheless, stable broadside radiation pattern is obtained within the band ranging from 18 to 32 GHz. Moreover, the onaxis cross polarizations are lower than 20 dB and this antenna maintains reasonably good polarization discrimination at the main radiation direction as well. Above all, in comparison with the conventional SIW cavity-backed slot antennas [2] , [3] , [13] , the operating bandwidth is significantly broadened.
III. DESIGN OF THE MULTILAYER CAVITY-BACKED
SLOT ANTENNA ARRAY Based on the proposed wideband slot antenna, we aim to construct a slot antenna array having similar bandwidth. The challenge comes from the design of its feed network that should have a wideband characteristic and compact size.
A 2 × 2 array based on the proposed SIW slot antenna and its feed network are presented in Fig. 5 in a schematic way. The output branches of the T-shaped power divider in Region III are placed under the SIW cavities hosting the slots, thereby constituting second-stage power dividers through proper coupling, as indicated by two coupling regions represented by dashed squares. In order to clearly show the configuration of the multilayer structure, metal layers are not full depicted in Fig. 5(b) . As introduced later, the coupling regions can be realized through coupling probes or slots. In this paper, two methods based on probe coupling and slot coupling are proposed to realize the feed network. The work mechanisms and design details are presented in the following sections. Fig. 6 shows perspective and side views of feed network based on probe coupling. As shown in Fig. 6 , the two SIW lines in Regions II and III are placed perpendicularly and coupled through a probe with radius of r 1 . The probe is located in the center of the SIW line in Region II, so that the power is equally divided into the two output ports. Meanwhile, the probe also lies on the vertical symmetry axis and has a distance of l x1 between the probe and the end of the feeding SIW in Region III. The distance l x1 should be set as (2n + 1)λ g /4, where n = 0, 1, 2, . . . , and λ g is the guided wavelength at the designed center frequency. A circular slot with radius of r 2 (r 2 > r 1 ) is etched on metal layer M 3 to avoid unwanted shorting. Good transmission characteristics of the power divider are obtained by tuning w 1 , w 2 , r 1 , r 2 , and l x1 . The optimized values of these dimensions are listed in Table II .
A. Array Using Probe Coupling 1) Design of the Probe Coupler:
The magnetic field distribution on the SIW cavities hosting slot radiators in Region II is plotted in Fig. 7 . It is observed that the magnetic field of the TE 10 mode is symmetric respect to the center of the inserted probe. This leads to reversed magnetic field distributions at the two slots (namely, the slots S 1 and S 2 labeled in Fig. 7) . The reversed magnetic field distributions indicate that the receiving signals at Port 2 and Port 3 are out of phase. Simulated S-parameters of the power divider shown in Fig. 6 are plotted in Fig. 8 . As shown in Fig. 8(a) , the power divider has a |S 11 | below −10 dB in the frequency range from 19.5 to 28.9 GHz. Fig. 8(b) shows that the output signals of the power divider are equal in magnitude but out of phase across the obtained band.
2) Design of Four-Element Array: Due to the fact that output signals of the power divider based on the probe coupler are out of phase, the slot radiators should be arranged asymmetrically respect to the coupling probe. That is to say, the slot radiators have to be translated away from the positions shown in Fig. 7 . The resultant feed network of the antenna array consisting both Regions II and III is illustrated in Fig. 9 . As shown in Fig. 9(a) , every two rectangular slots form a subarray and are surrounded by a cavity with size of w c1 ×l c1 . The adjacent slots are horizontally and vertically spaced by d v1 + d v2 and d a1 , respectively, where
By adjusting the values of d v1 and d v2 , the currents on the two slots in the same cavity can be identical in both magnitude and phase. As illustrated in Fig. 9(b) , a conventional T-shaped 1-to-2 power divider is designed in Region III to feed the two second-stage 1-to-2 power dividers. A metal post of diameter 1.6 mm is inserted in the cavity with a distance of d y3 to the sidewall to realize good transmission characteristic of the T-shaped power divider.
3) Experimental Results: Based on the above analyses, a prototype of the obtained array with the dimensions listed in Table III is fabricated and measured. Fig. 10 shows the photograph of the fabricated prototype. As shown in Fig. 10 , several aligning holes are perforated in each layer to facilitate the assemblage of the multilayer array. The array is connected to an SMA through a transition from the SIW input in Region III to a 50-microstrip line to facilitate the measurement of antenna performance.
The simulated and measured reflection coefficients of the resultant array are compared in Fig. 11 . The gray area shows the simulated |S 11 | including the miss alignment between the probe coupler and the remaining substrates with a range from −0.1 to 0.1 mm, which is the fabrication tolerance for the fabricated array. When fabrication tolerance is taken into Fig. 10 . Photograph of the fabricated array using probe coupling. consideration, the reflection coefficient is degraded in some degree but still below −10 dB over the operating band, which demonstrates the robustness of the proposed array to the fabrication error. It is observed that the simulated and measured results are generally in good agreement, achieving a wide impedance bandwidth over 30% ranging from 20 to 28 GHz. The discrepancy between the simulated and measured results mainly attributes to the air gaps between substrates. Fig. 12 depicts the simulated and measured radiation patterns in E-plane and H-plane at three representing frequencies. As shown in Fig. 12 , the measured results show good accordance with the simulated ones. We remark that the main beam is shifted away from the broadside direction in the E-plane when the antenna working at high frequencies around 28 GHz. This is due to the fact that the elements are unsymmetrical with regard to the coupling probe in y-direction. As shown in Fig. 12 , when the operating frequency goes high to 28 GHz, the mainlobe direction in E-plane is shifted over 15 • from broadside. Such phenomenon will decrease the broadside gain especially at high frequency in the designed band. Meanwhile, the main lobe direction in H-plane still keeps pointing to the broadside direction with the varying frequency. The simulated and measured gains are plotted in Fig. 13 . Due to the mismatch caused by air gaps between substrates, the measured gain is slightly lower than the simulated result. Besides, resulted by the shifted mainlobe, the broadside gains drop significantly at frequency higher than 26 GHz.
As described above, an effective method to build an SIW antenna array with wideband characteristic is proposed. Nevertheless, the radiating performance of the wideband antenna array could be further enhanced by employing symmetrical feeding method. Fig. 14 shows part of feed network based on slot coupling. This power divider also consists of two layers but exhibits much difference in coupling mechanism in comparison with the previously introduced one. As shown in Fig. 14 , the two SIW lines in Regions II and III are also placed perpendicularly but coupled through a slot with size of l s1 × w s1 . The slot is located in the center of the SIW line in Region II to divide the power equally into the two output ports. Besides, the slot is set with an offset distance l y2 from the symmetrical line and has a distance of l x2 between the slot and the end of the feeding SIW in Region III. The distance l x2 should also be set as (2n + 1)λ g /4. An additional via is placed with distances l y3 and l x3 from sidewall and endwall to further improve the impedance matching of the power divider. The optimized dimension values are listed in Table IV . The magnetic field distribution in Region II is plotted in Fig. 15 . Unlike the previous occasion, the magnetic field mainly has x-component at the coupling aperture and is symmetrical with regard to the coupling slot in y-direction. This leads to same magnetic field distributions at the two slots (namely, the slots S 3 and S 4 labeled in Fig. 15) . The same Fig. 16 . It is observed from Fig. 16(a) that the power divider also achieves over 30% impedance bandwidth with |S 11 | below −10 dB in the frequency range from 22.3 to 32.2 GHz. Fig. 16(b) shows that the output signals of the power divider are equal in both magnitude and phase across the obtained band.
B. Antenna Array Using Slot Coupling 1) Design of the Slot Coupler:
2) Design of Four-Element Array: Since in-phase power divider is obtained by using slot coupling, the slot radiators can be simply placed symmetrically respect to the coupling slot, as shown in Fig. 15 . The resultant feed network of the antenna array consisting both Regions II and III is illustrated in Fig. 17 . As shown in Fig. 17(a) , every two rectangular slots form a subarray and are surrounded by a cavity with size of w c2 × l c2 . The adjacent slots are horizontally and vertically spaced by d a2 and d a3 , respectively. As illustrated in Fig. 17(b) , a conventional T-shaped 1-to-2 power divider is also designed in Region III to feed the two second-stage 1-to-2 power dividers. A metal post of diameter 1.6 mm is inserted in the cavity with a distance of d y4 to the sidewall to realize good transmission characteristic of the T-shaped power divider.
3) Experimental Results: Based on the above analyses, a prototype of the obtained array with the dimensions listed in Table V is fabricated and measured. Fig. 18 shows the photograph of the fabricated prototype. The array is connected to an SMA through a transition from the SIW input in Region III to a 50-CPW with a total loss less than 1.9 dB to facilitate the measurement of antenna performance [20] .
The simulated and measured reflection coefficients are compared in Fig. 19 . It is observed that the simulated and measured results are generally in good agreement, achieving a wide impedance bandwidth over 30% ranging from 22.5 to 30.5 GHz. As the air gap still exists in the multilayer structure, the discrepancy between simulated and measured results is generated. The simulated and measured radiation patterns in both E-plane and H-plane are shown in Fig. 20 . As shown in Fig. 20 , the measured results show good accordance with the simulated ones. Above all, the direction of the mainlobe keeps pointing to the broadside direction in the whole operating band due to the symmetrical feed network. Therefore, as depicted in Fig. 21 , in comparison with the above result, a more flat gain response with a variation of 1 dB over the whole operating band is obtained.
Comparisons between some representative works mentioned in Section I and this paper are illustrated in Table VI . As the main concern in this paper, the bandwidth is significantly increased compared with other works. Moreover, this work has a very high radiation efficiency due to the loaded multilayer cavities.
IV. CONCLUSION
In this paper, we propose a technique to build a wideband SIW 2 × 2 element array. A multilayer SIW cavity-backed slot antenna is adopted as the array element and bandwidth enhancement is further investigated. Based on the wideband element, the feed network using probe coupling and slot coupling is researched, respectively. Results indicate that both the antenna arrays using different feed networks can achieve over 30% impedance bandwidth. In terms of the radiation performance, the proposed antenna array fed by slot-coupling power divider can maintain the mainlobe pointing to the broadside direction, which consequently brings a more flat and higher broadside gain across the whole operating band. Above all, the proposed antenna array features an over 30% operating bandwidth and can be easily expanded to a largescale antenna array, which will greatly enrich the employment of SIW antenna array in modern communication systems with requirements of sufficient bandwidth and high radiation performance.
